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DOI: 10.1039/c1ce05023kFour novel 3d–4d heterometallic coordination complexes were
synthesized based on a nonanuclear Ag(I) metallatecton by a three-
step synthetic method. The photoluminescence behaviors of 2–4 are
also discussed.Research into coordination complexes (CCs) has been extensively
pursued due to not only their structural novelty but also promising
applications in the fields of catalysis, storage, conduction, lumines-
cence, and magnetism.1 Among these CCs, polynuclear clusters have
attracted unparalleled attention because of their aesthetic appeal as
well as properties,2 but the homometallic polynuclear clusters pre-
dominating this family and the synthesis of their heterometallic
counterparts remains highly demanding. In spite of the one-pot
synthetic scenario was extensively employed for the construction of
heterometallic CCs,3 it was difficult to control and predict the
nuclearity and dimensionality of the resultant structures owing to the
different stereoelectronic preferences of two or more types of
metal ion.4 To circumvent this synthetic drawback, the stepwise
methodology depending on pre-constructed metallatecton is
promising.5 Hitherto, such candidates are almost limited to the
complexes of Schiff bases6 pyridinedicarboxylates,7 bis(oxamato),8
pyridyl/carboxyl-functionalized porphyrins,9 dipyrrin,10 tris(triazolyl)-
borates,11 and pyridyl-functionalized b-diketonate,12 but polynuclear
metallatectons,13 especially the polynuclear Ag(I) clusters containing
free carboxylic acid pendants, are very rare and highly desirable to
develop. To the best of our knowledge, soft transition metal ions,
such as the Ag(I) ion, have a strong propensity to bind to the soft
donor site (such as S and P) of organic ligands giving polynuclear
clusters.2a–c In the course of our investigations, the hexanuclear Ag(I)
cluster [Ag6(mna)6]
6 (H2mna ¼ 2-mercaptonicotinic acid) appeared
as an appealing metallatecton to construct 1D Ag(I)–Cu(II) and 2D
Ag(I)–Zn(II) heterometallic coordination polymers.14 As a part of
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6, we selected a more free
ligand (H2mba) bearing two different coordination sites (S and O) to
construct a water soluble higher-nuclear Ag(I) cluster metallatecton
possessing nine uncoordinative carboxyl groups on the periphery and
a triangular prism Ag9 aggregate in the core. On the other hand, as
secondary 3d transition metal ions, d9 Cu(II) and d10 Zn(II)
usually quench and enhance photoluminescence, respectively.14
Based on the above considerations, herein, we utilized a more
powerful nonanuclear Ag(I) cluster metallatecton, [Ag9(mba)9]
9
(LAg), to construct a 1D Ag(I)–Cu(II) heterometallic coordination
polymer {(NH4)[Cu4(eda)8][Ag9(mba)9]$3H2O} (1), and three
0D Ag(I)–Zn(II) heterometallic clusters {(NH4)2(H2eda)0.5[Zn3-
(eda)6][Ag9(mba)9]$7H2O} (2), {[Zn4.5(deta)5][Ag9(mba)9]$H2O} (3)
and {(NH4)[Zn3(pda)2(Hpda)2][Ag9(mba)9]$4H2O} (4) (eda ¼ ethy-
lenediamine, deta¼ diethylenetriamine, pda¼ 1, 3–propanediamine
and H2mba ¼ 2-mercaptobenzoic acid) (see Scheme 1).
The molecular structures of 1–4 (Fig. 1) were determined with
single-crystal X-ray diffraction analysis.‡ Complex 1 crystallized in
the triclinic P1space group with the asymmetric unit containing one
LAg metallatecton, four [Cu(eda)2]
2+ units, one NH4
+ and three
coordinated water molecules. The LAg is constructed from nine Ag(I)
ions and nine mba ligands giving a Ag9 core with a triangular prism
which has a height of approximately 3.4 A. Nine Ag(I) ions can be
divided into three categories: three construct the equatorial rim, and
two groups of three Ag(I) ions each act as the upper and lower bases
of the prism, respectively. The Ag/Ag separations in the Ag9 core of
complex 1 fall in the range of 2.8850(11)–3.3068(10) A, which are
shorter than twice the van der Waals radii for Ag (3.44 A), suggesting
existence of argentophilicity that promotes the aggregation of silverScheme 1 Stepwise synthesis of complexes 1–4 from a nonanuclear Ag(I)
metallatecton.
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Fig. 1 (a) Ball-and-stick view of the 1D heterometallic Ag(I)–Cu(II) chain in 1. (b) Ball-and-stick view of the heterometallic Zn3Ag9 cluster in 2. (c) Ball-
and-stick view of heterometallic Zn4Ag9 cluster in 3. (d) Ball-and-stick view of heterometallic Zn3Ag9 cluster in 4. For clarity, all H atoms and solvents


































































2 and one m2-S
2,O1) and one water
molecule (Ag4–O1W ¼ 2.686(12) A). The Ag–S bond lengths
ranging from 2.389(2) to 2.811(2) A are comparable to that in
K12[Ag8(mba)10]$12H2O and [Ag4(mba)2(H2O)2]n.
16 In LAg, six Ag(I)
ions (Ag1, Ag3, Ag4, Ag5, Ag8, Ag9) and three Ag(I) ions (Ag2, Ag6,
Ag7) adopt four-coordinated tetrahedral and two-coordinated linear
geometries, respectively. Two square-planar [Cu(eda)2]
2+ units lying
on the crystallographic inversion centers are linked by carboxyl
groups on the LAg to form the 1D infinite chain (Cu1–O13¼ 2.497(8)
and Cu4–O10 ¼ 2.436(7) A). The rest of the three [Cu(eda)2]2+ units
do not participate in the extension of the 1D chain and just act as
ornaments dangling on the LAg.
When the 3d transition-metal center was replaced by Zn(II) and
using different aliphatic polyamine as auxiliary ligands, we obtained
complexes 2–4 as a series of discrete heterometallic clusters incor-
porating similar LAg cores. In complex 2, the metallatecton LAg
coordinates with Zn1 in a trigonal-bipyramidal geometry by a pair of
bidentate chelating eda ligands, and one Ocarboxyl atom, while Zn2
and Zn3 are bound in two distinct octahedral geometries. The overall
structure of 2 can be seen as a Zn3Ag9 heterometallic cluster (Fig. 1b).
Complex 3 contains five Zn(II) ions, of which Zn5 does not interact
with the LAg and lies on the crystallographic inversion center giving
half occupancy, therefore, complex 3 is a Zn4Ag9 heterometallic
cluster in essence (Fig. 1c). As a tridentate chelating ligand, deta does
not extend the Zn4Ag9 cluster into a higher dimensionality as well.
Interestingly, as shown in Fig. 1d, all Zn(II) ions in complex 4 adopt
a four-coordinated tetrahedral geometry. In detail, Zn1 is coordi-
nated by two N atoms from one m2-N,N
0-pda and one m1-N-Hpda,
and two Owater atoms, while Zn2 is coordinated by two Owater and2834 | CrystEngComm, 2011, 13, 2833–2836two Ocarboxyl atoms. Four N atoms from one m1-N,N
0-pda, one m1-N-
Hpda and one m2-N,N
0-pda complete the coordination environment
of Zn3. The m2-N,N
0-pda ligand connects Zn1 and Zn3 to form
a finite [Zn2(pda)2(Hpda)2]
6+ unit which interacts with the metal-
latecton LAg through hydrogen bonds formed by singly protonated
pda and its neighboring carboxyl groups. The Zn2 is fixed on the LAg
through coordination bond and associates with the finite
[Zn2(pda)2(Hpda)2]
6+ unit through m2-Owater. In a word, because
complexes 2–4 were assembled independent of the solvents, reaction
stoichiometry, and the concentrations of reactants, the variations of
structures 2–4 can be attributed to the difference in the sizes, geom-
etries and binding abilities of polyamine ligands and the adaptable
coordination configuration of Zn(II) ion.
The nonanuclear nature of LAg can be inferred from the fact that
the as-synthesized heterometallic CCs 1–4 contain almost the same
anionic nonanuclear Ag(I) cluster. Single-crystal X-ray structural
analysis of LAg was unavailable owing to crystallization difficulties.
ESI-MS and MALDI-TOF were also measured to try to characterize
LAg, unfortunately, neither of them gave informative results because
fragmentation happened during the ionization process.2k
The absorption spectra of 1–4 were measured in solid state at room
temperature. As shown in Fig. 2, all complexes show the high-energy
absorption bands at ca. 300 nm which are ascribed to the intraligand
p / p* transitions of the mba moiety. For 1, the low-energy broad
peak at ca. 566 nm is mainly assigned to a metal-centred (MC)
transition which is typical for other Cu(II) complexes.17 For
complexes 2–4, the low-energy bands (lem > 400 nm) can reasonably
be assigned to an electronic transition from the s(Ag–S) orbital to an
empty p* antibonding orbital located at the phenyl group of the mba
ligand.This journal is ª The Royal Society of Chemistry 2011






























































View OnlineThe photoluminescence of complexes 1–4 were measured in solid
state at room temperature (Fig. 3). Under 365 nm excitation, the
emission of complex 1 is extremely weak and can be almost negligible
which indicates that introduction of Cu(II) possessing low-lying MC
levels would quench the luminescence by energy transfer or thermal
equilibration. Complexes 2–4 exhibit red emissions upon exposure to
365 nm UV radiation (Fig. S4†). Maxima of emission bands of 2–4
are similar to each other (579, 585, 562 nm, respectively, lex ¼ 365
nm). Compared with the emission of free H2mba (lem¼ 383 nm, lex
¼ 300 nm, Fig. S5†), the emission bands of 2–4 are red-shifted by ca.
200 nm and can be assigned to ligand-to-metal charge transfer
(LMCT) excited state, which is probably mixed with a cluster-based
metal-centred (4d–5s/5p) excited state modified by Ag/Ag interac-
tions.18 The incorporation of Zn(II) ion as well as various polyamine
ligands in 2–4 can lock the different numbers of free carboxyl groups
on LAg, therefore, the rigidity of LAg is enhanced in different degrees
which may be responsible for the different emission behaviors of 2–4.
In summary, we demonstrate a versatile nonanuclear Ag(I) cluster
used as a metallatecton in the construction of four 3d–4d hetero-
metallic CCs ranging from discrete polynuclear clusters to 1D infinite
chains. The absorption and photoluminescence behaviors of these
complexes are also discussed.Fig. 3 The photoluminescence of complexes 2–4 in solid state.
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Notes and references
‡ Crystal data for 1: Ag9Cu4C79H110N17O21S9, fw ¼ 3741.51 g mol1,
triclinic, space group P1, Z ¼ 2, T ¼ 123(2) K, a ¼ 15.404(3), b ¼
20.097(4), c¼ 20.436(4) A, a¼ 91.924(4), b¼ 103.382(3), g¼ 94.405(3),
V ¼ 6127.9(19) A3, Dc ¼ 1.706 g cm3, R1 ¼ 0.0722, wR2 ¼ 0.1959, m ¼
2.319 mm1, S ¼ 1.049. Crystal data for 2: Ag9Zn3C76H111N15O25S9, fw
¼ 3090.43 g mol1, monoclinic, space group C2/c, Z ¼ 8, T ¼ 123(2) K,
a ¼ 32.413(4), b ¼ 16.121(2), c ¼ 44.092(6) A, b ¼ 91.222(3), V ¼
23033(5) A3, Dc ¼ 1.781 g cm3, R1 ¼ 0.0827, wR2 ¼ 0.2226, m ¼ 2.336
mm1, S ¼ 0.913. Crystal data for 3: Ag18Zn9C166H206N30O38S18, fw ¼
6336.68 g mol1, triclinic, space group P1, Z ¼ 1, T ¼ 123(2) K, a ¼
15.076(3), b ¼ 19.552(3), c ¼ 22.969(4) A, a¼ 97.949(4), b¼ 95.781(4), g
¼ 107.929(3), V¼ 6305.7(19) A3, Dc¼ 1.669 g cm3, R1¼ 0.0608, wR2¼
0.1516, m ¼ 2.408 mm1, S ¼ 0.920. Crystal data for 4: Ag9Zn3C75H89-
N9O22S9, fw ¼ 2924.03 g mol1, monoclinic, space group P21/c, Z ¼ 4, T
¼ 123(2) K, a ¼ 16.056(2), b ¼ 22.934(3), c ¼ 30.157(5) A, b ¼
103.597(3), V ¼ 10793(3) A3, Dc ¼ 1.799 g cm3, R1 ¼ 0.0782, wR2 ¼
0.2232, m ¼ 2.484 mm1, S ¼ 1.029. In all the structures, the SQUEEZE
routine in the PLATON software was applied to subtract the diffraction
contribution from the disordered solvent molecules.19 Crystallographic
data for this paper and selected bond lengths and angles are displayed in
Tables S1 and S2.†
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